The thermophilic microbiota of solid-waste composting, with major emphasis on Bacillus spp., was examined with Trypticase soy broth (BBL Microbiology Systems) Isolates which macroscopically appeared to be actinomycetes or fungi were streaked onto plates of 10% normal-strength Trypticase soy broth with 1.5% agar and observed microscopically. Assignment to genus or species was based on temperature tolerance limits and filament and spore morphology as in standard references for actinomycetes (6, 17) and fungi (13, 61) .
A large variety of thermophilic microorganisms have been reported in composting and other self-heating organic materials (Table 1) . However, systematic attempts to identify the thermophilic bacteria other than actinomycetes are lacking. Such information is of particular interest because these bacteria may be the major active organisms in the thermophilic stages of composting.
As part of a study to determine the effect of temperature on species diversity in solid-waste composting (72; P. F. Strom, Ph.D. thesis, Rutgers University, New Brunswick, N.J., 1978), bacteria isolated from laboratory and field composting samples at various temperatures were identified. Emphasis was placed on the genus Bacillus because of indications that it might be the major component of the thermophilic microbial community (26, 68 sector) and streaked onto fresh TSA plates. Additional colonies of unusual appearance were picked deliberately to try to increase the number of different species isolated. After incubating the original spread plates for another 24 h, a few additional deliberately seldcted colonies were streaked.
Cultures which grew on the TSA streak plates were transferred to soil extract agar slants (35) . If a culture did not grow, an attempt was made to restreak it from the original spread plate. Occasionally, more than one colony type appeared on the streak plates; in such cases, each type was restreaked until pure cultures of all were obtained. Cultures were stored on soil extract agar slants at 4°C. Leicester cultures were sent to the United States on soil extract agar slants transported at ambient temperatures for 1 week.
Isolates which macroscopically appeared to be actinomycetes or fungi were streaked onto plates of 10% normal-strength Trypticase soy broth with 1.5% agar and observed microscopically. Assignment to genus or species was based on temperature tolerance limits and filament and spore morphology as in standard references for actinomycetes (6, 17) and fungi (13, 61) .
Nonfilamentous cultures were tentatively considered members of the genus Bacillus and subjected to an identification scheme by the methods of Gordon et al. (35) . Stock cultures were included in each series of tests as positive and negative controls.
Nonsporeforming bacteria were additionally stained for Gram reaction and in some cases for flagella (69) , and two stearothermophilus, ahd B. sphaericus. All of these species, in addition to several others, were also found in the present study.
A large majority of the total number of isolates were members of the genus Bacillus (87% of the randomly picked colonies). Most of these isolates could be readily assigned to a recognized species. However, about 15% were assigned to species only by allowing for greater variability in one or more characteristics than has been reported by other authors for their strains. In particular, growth at higher temperatures than previously reported was found for strains of several species. A small number of isolates (less than 2%) could not be assigned to any recognized species.
The imperfect match of some isolates with previously described species is not unique to the present work. For example, such imperfect matching was also true of 12 to 15% of the strains of Gordon et al. (35) . Additionally, the temperature of incubation has been shown to affect the growth requirements of some Bacillus strains. Campbell and Williams (8) found that when eight strains of B. coagulans and one strain of B. globigii (possibly B. licheniformis or B. subtilis) were incubated at 36, 45, and 55°C, three patterns of results were seen with about equal frequency. For some strains, there were no changes in the amino acids or vitamins required for growth; for other strains, there were additional requirements at the higher temperatures; and for the rest of the strains, there were additional requirements at the lower temperatures. Farrell and Campbell (21) expressed the belief that such effects occurred among thermophiles in general, and Cross (16) likewise noted that the medium will affect the growth of thermophilic actinomycetes differently at different temperatures. It is easy to imagine the loss of particular functions, such as the ability to hydrolyze starch or deaminate phenylalanine, among strains growing at temperatures near their maximum. These factors were kept in mind in assigning to species the isolates from composting material. The work of Gordon et al. (35) , which reports the results for a large number of strains individually, is used as the primary basis for comparison.
(i) B. licheniformis. Most of the 33 isolates of B. licheniformis conformed closely to the strains described by Gordon et al. (35) . Although an increase in pH during incubation in Voges-Proskauer (VP) broth (as occurred with many of the composting isolates) was not noted with any of the strains used for that report, such an increase had previously been noted on occasion (67) . Growth of three cultures at 60°C would appear to extend the maximum temperature for growth of this species beyond the 55°C previously reported. This species was found in small numbers in all the samples except the laboratory runs at 60°C and above.
(ii) B. subtilis. The three isolates of B. subtilis, all from the two Dano drums at Leicester, conformed closely with previous reports for the species (35 (35, 36) in that they showed only a slight swelling of the sporangium and a pH in VP broth of 6.2 to 6.4. While five such cultures were unlike B. firmus-B. lentus in that they were unable to grow in 7% NaCl (or even 5% NaCl for three isolates), three cultures were capable of such growth. (Sporangia were not observed or were seen rarely for several of these strains.) None of these three cultures could form acid from mannitol, however, and each appeared closely related to other isolates from the same samples which were more clearly assignable to B. circulans.
An important difference between many of the composting isolates and the B. circulans strains studied by Gordon et al. (35) was the ability to grow at thermophilic temperatures. Whereas only 6 of the 38 strains studied by those authors were capable of growth at 50°C, all of the composting isolates could grow at this temperature, and many of them were capable of growth at 60°C. Previously, only one isolate of B. circulans capable of growth at 55°C and none that could grow at higher temperatures were reported (34) . Growth at 60°C tends to further blur the boundaries of this already amorphous complex. Differentiation between certain B. circulans and B. stearothermophilus isolates is then solely based on a 5°C difference in maximum growth temperature. No strains of B. alvei, B. thiaminolyticus, B. firmus, or B. lentus capable of growth at 50°C or above have been reported (35, 36) .
Previous reports of thermophilic B. circulans strains do exist but are not definitive. Egorova (19) , for example, investigated thermophilic growth rates and yields using (among other species) five strains of obligately thermophilic B. circulans. The basis on which these strains were differentiated from B. stearothermophilus is not clear, however. A review by Farrell and Campbell (21) also reported the isolation of thermophilic strains of B. circulans, citing unpublished data by one of the authors. Allen (1) recognized that her thermophilic strains resembling B. circulans were properly identified as B. stearothermophilus, and it is possible that this observation should apply to the strains of Campbell and Egorova as well. Tischer et al. (78) tentatively identified their obligately thermophilic isolate from sewage oxidation ponds as B. circulans, but it is probable from their description that they were dealing with B. stearothermophilus. The reported failure of their strain to grow at 65°C or produce acid from glucose may have been the result of the medium used. (A broth was used for the hightemperature growth tests, which made inadequate aeration probable.) The possibility that the thermophilic isolates from composting reported here were similarly B. stearothermophilus is unlikely because of the ability of most of them to grow in anaerobic agar.
A fairly large number of isolates from Leicester and one from the completely mixed composting laboratory simulation failed to sporulate or sporulated only very poorly on the laboratory media provided (soil extract agar and, additionally for some strains, BBL AK sporulation agar). These isolates were classified as members of the genus Bacillus on the basis of their similarity to sporeforming strains from the same samples and their lack of similarity to any other recognized genus. A (vi) B. stearothermophilus. B. stearothermophilus was obtained from every composting sample except those from the Dano drums and the lower-temperature windrow at Leicester, for a total of 215 isolates. The higher-temperature laboratory composting samples, in fact, appeared to be nearly monocultures of B. stearothermophilus.
For the most part, the composting isolates demonstrated the typical properties for this species. Four isolates failed to hydrolyze starch, and another five did so only very weakly, but others have reported similar results with some strains (35, 52) .
A small number of the isolates assigned to this species produced only a slight swelling of the sporangium during sporulation. This characteristic was also noted by Wolf and Barker (84) , who suggested splitting the species into three groups based on this and other characteristics.
(vii) B. brevis. A total of 24 isolates from five samples was assigned to B. brevis. Over a third of these isolates produced a pH of 6.2 to 6.6 in VP broth, rather than the 8.0 or above expected. A small number failed to form acid from glucose, and others produced very little, but a negative reaction for this test was previously reported for 3 of 21 strains (35) . Growth of B. brevis at 60°C has been reported previously, but a small number of these isolates from composting appeared able to grow very weakly even at 65°C.
(viii) B. sphaericus. Twenty-four isolates from four samples were assigned to B. sphaericus, although only after considerable hesitation. None of the 29 strains examined by Gordon et al. (35) was capable of growth at 50°C or higher, and the maximum temperature for growth given in Bergey's Manual of Determinative Bacteriology is 45°C (30) . This species has therefore previously been considered strictly mesophilic. Furthermore, many of the composting isolates produced ellipsoidal as well as spherical spores. Rothbaum (62) picked a colony from a plate incubated at 60°C (used in counting thermophiles in self-heating wool) which was later identified as B. sphaericus. Its maximum growth temperature in pure culture was only 47.5°C, however, and he therefore dismissed it as a contaminant.
Another report of a B. sphaericus culture growing at thermophilic temperatures-and a possible explanation of the results of Rothbaum (62)-comes from the work of Sie et al. (65) . These authors felt that they had obtained a factor from B. stearothermophilus which, when added to a culture of mesophilic B. sphaericus, allowed the latter to grow at 55°C (even after continuous subculturing without added factor). Yeast autolysate also enabled the mesophilic B. sphaericus to grow at 55°C, but only if the yeast autolysate was added to the subculturing medium. Perhaps, rather than the thermophilic "factor" which they felt they had demonstrated, they really had shown an additional requirement for some growth factor at thermophilic temperatures. As already noted, Campbell and Williams (8) have shown a requirement for additional amino acids or vitamins or both in some Bacillus strains at high temperatures.
(ix) Unassigned strains, type i. One low-temperature laboratory composting run yielded eight isolates which could not be placed in any recognized Bacillus species. The negative catalase reaction and other results were suggestive of B. stearothermophilus, but none of the eight could grow at 65°C. (Attempts to obtain growth at 65°C with two other soil extract media formulations, one including yeast extract, were also unsuccessful.) No catalase-negative strains of B. circulans have been reported, precluding grouping with that complex. These strains thus appear to be intermediate between those two species.
(x) Unassigned strains, type ii. Six isolates from three samples appeared to differ significantly from any previously described Bacillus strains. Their ellipsoidal spores, which appreciably swelled the sporangium, would place them in group II of Gordon et al. (35) . Failure to hydrolyze starch, coupled with ability to grow in anaerobic agar, indicates a possible relationship to B. laterosporus, but the composting isolates differed from that species in a number of tests.
Furthermore, microscopic observation did not reveal the distinctive C-shaped parasporal body from which the species derives its name. Agreement with the somewhat similar B. pulvifaciens is equally poor. Assignment to B. stearothermophilus as a starch-negative variant is inappropriate because of the ability to grow in anaerobic agar, failure to grow at 65°C, and production of acid in litmus milk. Placement in B. circulans as a thermophilic, starch-negative variant would further blur the boundaries of this complex, especially in view of the failure of all strains to produce acid from mannitol. No relationship to any of the unassigned strains of Gordon et al. (35) 
